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Abstract 
Methylation at N3-site of thymine results in 3-methylthymine (m3T). Since 
this site is involved in the hydrogen bonding of A T Watson-Crick base pair, this 
methylation is expected to disrupt the pairing interaction. In addition, it has been 
found that the fat mass and obesity associated protein (FTO) could repair m3T in 
single-stranded DNA (ssDNA), but not in double-stranded DNA (dsDNA). Besides, 
mutagenicity studies have shown that m3T led to predominantly m3T-^A mutation. 
To investigate the underlying reasons for the single-strand requirement in FTO repair 
and the predominant specific mutation of m3T, high-resolution nuclear magnetic 
resonance (NMR) and ultra-violet (UV) optical melting studies were performed to 
determine the effect of m3T on the solution structures and thermodynamic stabilities 
of gsDNA. Upon 3-methylation of thymine in an A T Watson-Crick base pair, 
A m3T is found to remain stacked in the double-helix, which possibly makes m3T 
less accessible by FTO, resulting in the inefficient repair of m3T in dsDNA. Besides, 
the base stacking and pairing modes account for the destabilizing trend: GmT < AmT 
< TmT < CmT. Hydrogen bonding interactions are only found in T m3T mispair, 
which provide specific favorable interactions between m3T and the incorporating 
nucleotide during DNA replication, making T become a more preferred substrate 
paired with m3T and thus more frequent m3T—A mutation. 
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摘要 
胸腺嚼捉 ( T ) 3位點甲基化會形成3 -甲基胸腺嚼淀 ( m 3 T )。因為T的 
3位點參與腺嘌呤•胸腺啼D定(A • T)沃森-克裏克（Watson-Crick)配對中的 
氫鍵，所以認為T3的位點甲基化會破壞氫鍵，從而破壞城基配對。硏究發 




A • m3T依然堆積在雙鏈内，從而可能導致FTO蛋白修復雙螺旋DNA中m3T 
的低效率。另外，我們還發現m3T和四種正常城基的城基堆積和配對模式，使 
DNA的不穩定性按照以下順序增加：GmT < AmT < TmT < C m T �其中，氫鍵僅 




I would like to sincerely thank my supervisor, Prof. LAM Sik Lok, for his 
guidance and inspiration during my research work in the past two years. Thanks are 
also given to my group mates, CHI Lai Man, WU Feng, Au Ring Yan and HE 




Table of Contents 
Title Page i 
Thesis Committee ii 
Abstract (English Version) iv 
Abstract (Chinese Version) v 
Acknowledgement vi 
Table of Contents viii 
List of Tables x 
List of Figures xii 
List of Abbreviations and Symbols xiii 
1; 
1 Introduction 1 
1.1 DNA methylation 1 
1.2 Repair of m3T 2 
1.3 Objectives of this work 3 
1.4 DNA structure 3 
1.4.1 Nomenclature scheme for DNA 3 
1.4.2 Base pair scheme 4 
1.4.3 Sugar conformation 5 
vii 
1.4.4 Backbone conformation 7 
2 Materials and Methods 9 
2.1 Sample design 9 
22 Sample preparation 10 
2.3 NMR analysis 10 
2.3.1 Resonance assignment 12 
2.3.2 Determination of sugar conformation 13 
2.3.3 Determination of backbone conformation 14 
2.4 UV melting study 15 
3 Effect of mST on Double-Helical Structures and Stabilities 17 
3.1 Resonance assignments 17 
* 
3.2 Effect of m3T on double-helical DNA structures 19 
3.2.1 Base pairing mode 19 
3.2.2 Sugar conformation 21 
3.2.3 Backbone conformation 22 
3.3 Effect of m3T on double-helical DNA stabilities 25 
3.4 Discussion 26 
3.4.1 Single-strand requirement in FTO repair 26 
3.4.2 Relationship between m3T pairing structure and stability 27 
4 Effect of m3T Mispair on Double-Helical DNA Structures and Stabilities 28 
viii 
4.1 Resonance assignments 28 
4.2 Effect of m3T mispair on double-helical DNA structures 32 
4.2.1 Pairing mode of T-m3T 34 
4.2.2 Pairing mode of G m3T 35 
4.2.3 Pairing mode of C m3T 35 
4.3 Effect of m3T mispair on double-helical DNA stabilities 36 
4.4 Discussion 36 
4.4.1 Predominant mutation 37 
4.4.2 Relationship between m3T pairing structure and stabilities 37 
5 Conclusion and Future Work 39 
Appendix I Proton chemical shift values (ppm) of AmT 40 
Appendix II Proton chemical shift values (ppm) of RefAT 41 
Appendix III Proton chemical shift values of NmT samples 42 
Appendix IV El* and %S ofTmT, GmT and CmT 45 
Appendix V ^H-^ P^ HSQC spectra of (a) TmT, (b) GmT and (c) CmT 46 
Appendix VI ^H-^ P^ COSY spectra of (a) TmT, (b) GmT and (c) CmT 47 
Appendix VII ^^ P chemical shifts, ^ J h s t and %Bi of TmT, GmT and CmT 48 
Appendix VIII UV melting curves of RefAT, AmT, TmT, GmT and CmT 49 
References 50 
ix 
List of Tables 
Number Description Page 
1.1 Definition of glycosidic torsion angles in nucleotides. 5 
1.2 Definition of sugar torsion angles in nucleotides. 6 
1.3 Definition of backbone torsion angles in nucleotides. 7 
1.4 Backbone torsion angles of Bi and Bn conformations. 8 
3.1 11' and %S of AmT and RefAT. 23 
3.2 chemical shifts, V h 3 ' p and %Bi of AmT and RefAT. 26 
3.3 Effect of m3T on thermodynamic stability of dsDNA. 27 
4.1 Thermodynamic stability of RefAT, AmT, TmT, GmT and CmT. 37 
i* 
V 
List of Figures 
Number Description Page 
1.1 3-methylthymine (left, the methyl proton at the N3-site is named 1 
as H8 for short) and A T Watson-Crick base pair (right). 
1.2 (a) Nucleotide structure, the notation for the description of 4 
torsion angles in DNA are a, p, y, 5，s, ； v。，vi, V2, V3, V4 and 
(b) Structure and atom numbering of the four DNA nucleobases. 
1.3 A T and G C Watson-Crick base pairs. 5 
1.4 Pseudorotation cycle of the furanose ring in nucleosides, values 6 
of the pseudorotation phase angle are given in multiples of 36°. 
2.1 Sequence design of (a) AmT，(b) RefAT and (c) NmT (N= T, G 9 
and C). 
2.2 Schematic diagrams showing (a) sequential assignment along 12 
intra- and inter-nucleotide NOEs in H6/H8-Hr region and (b) 
the according protons are close in space. 
2.3 Schematic diagrams showing (a) assignment of adenine H2 in 13 
. HMBC spectrum and (b) C5-H8, C4-H8，C4-H2 and C6-H2 
'' correlations for adenine. 
2.4 Labile protons assignment in Watson-Crick base pairs. 13 
2.5 Partial Hl'-H2'/H2" region in the DQF-COSY spectrum of 14 
RefAT at 25 °C. 
2.6 Partial H3'-P region in the ^H-^^P COSY spectrum of RefAT at 15 
25 °C. 
3.1 NOE sequential assignment of AmT: (a) aromatic protons at 25 18 
°C and (b) labile protons at 5 °C. (c) Assignment of A4 H2 in 
HMBC spectrum of AmT at 25 °C. 
3.2 NOE sequential assignment of RefAT: (a) aromatic protons at 25 19 
°C and (b) labile protons at 5 °C. 
3.3 (a) A m3T base pairing mode, (b) Base-base NOEs of A4 and 20 
m3T12 with respective flanking bases. These NOEs are 
plotted using the same baseline threshold, (c) NOEs of A4 
xi 
H2-m3T12 H8 and C14 H5-H6. The NOEs are plotted using 
the same baseline threshold. 
3.4 H3, region of ^H-^ ^P HSQC spectra of � AmT and (b) RefAT. 23 
3.5 iH-3ip COSY spectra of (a) AmT and (b) RefAT. 24 
4.1 NOE sequential assignment of TmT: (a) aromatic protons at 25 29 
°C and (b) labile protons at 5 °C. 
4.2 NOE sequential assignment of GmT: (a) aromatic protons at 25 30 
°C and (b) labile protons at 5 
4.3 NOE sequential assignment of CmT: (a) aromatic protons at 25 31 
°C and (b) labile protons at 5 � C . 
4.4 Base-base NOEs of N4 (N = T, G and C) and m3T12 with 33 
respective flanking bases. For each sequence, the NOEs are 
plotted using the same baseline threshold, (a) TmT. (b) GmT. 
(c) CmT. 
4.5 (a) Imino proton spectrum of TmT at 5 °C. (b) T m3T mispair. 34 
(c) Imino-methyl NOEs of T4 and m3T12 at 5 °C. These 
NOEs are plotted using the same baseline threshold. 
4.6 (a) Imino proton spectrum of GmT at 5 � C . (b) G.m3T 35 
, mispair. (c) Imino-methyl NOE of G4 HI and m3T12 H8 at 5 
4.7 Cm3T mispair. 36 
xii 
List of Abbreviations and Symbols 
DNA deoxyribonucleic acid 
NMR nuclear magnetic resonance 
A adenine 
G guanine 
C cy to sine 
T thymine 
m3T 3-methylthymine 
ssDNA single-stranded DNA 
dsDNA double-stranded DNA 
P pseudorotation phase angle 
N state north state 
S state south state * 
DSS 2,2-dimethyl-2-silapentane-5-sulfonic acid 
Hz hertz 
MHz megahertz 
WATERGATE water suppression by gradient-tailored excitation 
ID one-dimensional 
2D two-dimensional 
NOE nuclear Overhauser effect 
NOESY nuclear Overhauser effect spectroscopy 
TOCSY total correlation spectroscopy 
DQF double quantum filtered 
COSY correlation spectroscopy 
xiii 
HSQC heteronuclear single quantum coherence 
HMBC heteronuclear multiple bond correlation 
J coupling constant 
5 chemical shift 
ppm part per million 
UV ultraviolet 
UV-Vis ultraviolet-visible 
Tm melting temperature 
AH° change of enthalpy 
AS° change of entropy 
AG° change of Gibbs free energy 
kcal kilocalorie (s) 
ms millisecond 
mL milliliter (s) 
juL microliter (s) 
//mol micromole (s) 
mM millimolar (s) 
mm millimeter (s) 
xiv 
Chapter One: Introduction 
1.1 DNA methylation 
DNA methylation involves the addition of a methyl group to a nucleobase. 
Several different positions of nucleobases can be methylated via enzymatic additions 
by DNA methyltransferases or chemical modifications by alkylating agents (7-5). 
DNA methylation is essential for various important biological processes including 
embryonic development and replications {4-6). For example, 5-methylation of 
cytosine in CpG dinucleotides has long been thought to be a naturally methylated 
base in mammalian DNA and plays a key role in the regulation of gene expression 
{7-8) and replication {9-10). 
However, some alkyl-DNA adducts can lead to cytotoxic or mutagenic 
consequences (7-5). For example，1-methyladenine (mlA) and 3-methylthymine 
(m3T) are generated from Nl-site of adenine and N3-site of thymine, respectively. 
These methylations affect the formation of hydrogen bonds in complementary A T 
Watson-Crick base pair (Figure 1.1)，thus affecting vital processes such as DNA 
replication {11). 
H\ 
8 VK ^ ' V ^ v x 
HjC—N 3 6�)^H / N ^ / 4 ……H—N3 6�)~H 
O R H O R 
Figure 1.1 m3T (left, the methyl proton at the N3-site is named as H8 for short) and A T 
Watson-Crick base pair (right). , 
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Previously, our group have determined that ml A altered the T{anti)-k{anti) 
Watson-Crick base pair to T{anti)-m\K{syn) Hoogsteen base pair, providing a 
possible explanation why the recognition and repair of ml A in double-stranded 
DNA (dsDNA) was less efficient than that in single-stranded DNA (ssDNA) {12-13). 
Although less prevalent than mlA, m3T could also be generated by many types of 
alkylating agents like dimethyl sulfate (MezSCU) and diethyl sulfate (EtaSCU)，and 
m3T has been found both in vitro and in vivo (5, 14-20). Furthermore, m3T is 
chemically stable and can abolish the ability of thymine to form base pair with 
adenine and stall DNA replication (7, 21-22\ thus whether it could be repaired by 
some DNA demethylase is of great importance. 
1.2 Repair of m3T 
m3T can be repaired by fat mass and obesity associated protein (FTO) 
{23-25), which has been suggested to influence energy balance and body mass in 
mice (26). It possesses a homologous sequence to the AlkB family proteins, which 
belong to the superfamily of Fe /2-oxoglutarate-dependent oxidative DNA 
demethylase (27-28), Although AlkB and its human homologs ABH2 and ABH3 
are capable of demethylating ml A with the release of carbon dioxide, succinate and 
formaldehyde, they have been found not to demethylate m3T efficiently (29-31). 
Recently, crystallographic studies of FTO in complex with a mononucleotide 
m3T have revealed the demethylase activity is related to the hydrogen bonds formed 
2 
between m3T and the two amino acid residues Arg96 and Glu234 ofFTO, providing 
insights into the mechanism for substrate selectivity (52). However，the reason 
why FTO demethylates m3T efficiently in ssDNA but not in dsDNA remains elusive 
(23-24). 
1.3 Objectives of this work 
Mutagenicity studies have shown that if m3T was not repaired, m3T would 
be mutated to A, C and G upon processed by bypass DNA polymerase, leading to a 
predominant m3T—A mutation (29). In order to investigate the underlying reasons 
for the single-strand requirement in FTO repair and the predominant specific 
mutation of m3T, the present study aims to determine the effect of m3T on the 
solution structures and thermodynamic stabilities of dsDNA using high-resolution 
nuclear magnetic resonance (NMR) and ultra-violet (UV) optical melting 
spectroscopy. 
1.4 DNA structure 
In order to facilitate the understanding of this work, some basic information 
of DNA structure are briefly introduced in the following sections. 
1.4.1 Nomenclature scheme for DNA 
DNA is a biopolymer composed of monomeric units called 
3 
deoxyribonucleotides. Each monomer contains a phosphate group, a deoxyribose 
and a base (Figure 1.2a). There are two types of nucleobases in DNA, namely, 
purine and pyrimidine. Purine include A and G, while pyrimidine include C and T 
(Figure 1.2b) (55). 
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Figure 1.2 (a) Nucleotide structure, the notation for the description of torsion angles in DNA are a, p, 
y, 6, E, ； Vo, Vi, V2, V3, V4 and x. (b) Structure and atom numbering of the four nucleobases in DNA. 
1.4.2 Base pair scheme 
Watson-Crick base pairing, in which A pairs with T through two hydrogen 
bonds, and G pairs with C through three hydrogen bonds (Figure 1.3)，is the most 
common base pairing mode in DNA. Besides, a variety of different pairing modes 
for mismatches have also been identified {34-41). 
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Figure 1.3 A T and G C Watson-Crick base pairs. 
Relative to the sugar ring, the base mainly can adopt two orientations, 
namely, syn and anti. They are defined by the glycosidic torsion angle x (Figure 
1.2a and Table 1.1). The range with 5c � 0 ° 士 9 0 � i s yn, while x � 1 8 0 � 士 9 0 � i s 
anti. 
Table 1.1 Definition of glycosidic torsion angles in nucleotides. 
Torsion angle Atoms involved 
X (purine) 04'-Cr-N9-C4 
X (pyrimidine) 04'-Cl '-Nl-C2 
1.4.3 Sugar conformation 
The sugar conformation can be defined by sugar torsion angles Vo，vi, V2, V3 
and V4 (Figure 1.2a and Table 1.2). The five sugar torsion angles can be described 
by the phase angle of pseudorotation (P) (Figure 1.4) and the puckering amplitude. 
5 
V • 
Table 1.2 Definition of sugar torsion angles in nucleotides. 








Figure 1.4 Pseudorotation cycle of the furanose ring in nucleosides, values of the pseudorotation 
phase angle are given in multiples of 36°. 
Sugar conformations of DNA structures can be grouped into two states, 
North (N) state and South (S) state. In these two states, two specific sugar 
conformations, with 0° S 尸 S 36° in the N-state, and 126° <P< 216° in the S-state， 
are commonly observed (Figure 1.4). S-N interconversion barrier is low (8-13 
kJ/mol) and the lifetimes of the S and N conformers are less than 1 ns (42). These 
6 
two conformers are in dynamic equilibrium in solution and DNA sugar 
conformation is usually analyzed in terms of the fraction population of N and S 
state. 
1.4.4 Backbone conformation 
The conformation of the DNA sugar-phosphate backbone is described by 
torsion angles a, (3，y, 8，s and ^ (Figure 1.2a and Table 1.3). The most popular 
notation for ranges of torsion angles is cis (c: 0° 土 30°)，trans (t: 180° 士 30°)， 
+gauche (g+: 60° ± 30°) and -gauche (g": - 6 0 � ± 30�) . 
Table 1.3 Definition of backbone torsion angles in nucleotides®. 
Torsion angle Atoms involved 
. a (n-i)03'-P-05'-C5' 




？ C3’-03i-P-05 丨(n+i) 
a Atoms designated (n-1) and (n+1) belong to adjacent units. 
The Bi and Bn states are defined in Table 1.4. These two states are 
commonly found in B-DNA, and the energy of Bi state is estimated to be < 1.0 
7 
kcal/mol lower energy than that of Bn state. The two states undergo 
conformational exchange in ps to ns timescale in solution, and backbone 
conformation is expressed in terms of fractional population of the two states (43-44). 
Table 1.4 Backbone torsion angles o fB j and Bn conformations. 
a P S ^ 
Bi -gauche trans trans -gauche 
Bii -gauche trans -gauche trans 
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Chapter Two: Materials and Methods 
2.1 Sample design 
To study the effect of m3T on double-helical DNA structures, a 15-nt DNA 
hairpin sample "AmT" was designed to contain an A*m3T base pair in the middle of 
the stem region (Figure 2.1). In order to simplify the sample preparation, a 
5'-GAA loop, which has been shown to be a stable triloop (45), was used to connect 
the top and bottom strands to form the hairpin structure {46). m3T was placed in 
the middle of the double-helical stem region to minimize the effects from the loop 
and terminal. Therefore, it could be used to mimic the situation that m3T located 
in the double-helical DNA. The normal sequence containing an A*T Watson-Crick 
base pair，was named as RefAT and used for reference. 
To investigate if the structures and stabilities of m3T mispairs relate to the 
mutagenicity results, three additional samples, namely "TmT", "GmT" and "CmT" 
were designed to contain a T m3T, G.m3T and C-mST mispair instead of an A T 
base pair in the middle of double-helical stem region, respectively. 
(a) , (b) , 
1 2 3 4 5 6 ^ 1 2 3 4 5 6 乂 
5 . - C G C A G G ^ 5 ' - C G C A G G ^ 
3.-G C G m3T C C . 3 ' - G C G T C C . 
15 14 13 12 11 10 ^  15 14 13 12 11 10 ^ 
AmT RefAT 
fc) 1 2 3 4 5 6 乂 
� ‘ 5 _ - C G C N G G ^ 
3 � G C G m3T C C Z 
15 14 13 12 11 10 ^ 
NmT (N=T,GanclC) 
Figu re 2.1 Sequence design of (a) AmT, (b) R e f A T and (c) NmT, N = T, G and C. ‘ 
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2.2 Sample preparation 
All DNA samples were synthesized using an Applied Biosystems model 394 
DNA synthesizer and purified using denaturing polyacrylamide gel electrophoresis 
and diethylaminoethyl Sephacel anion exchange column chromatography. 
3-Methyl deoxythymidine phosphoramidite (ChemGenes Inc.) was used to 
incorporate m3T into the sequences NmT (N = A, T, G and C). NMR samples were 
prepared by dissolving 0.5 //mol purified DNA sample into a 500//L buffer solution 
containing 150 mM sodium chloride, 10 mM sodium phosphate (pH 7.0) at and 0.1 
mM 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS). 
2.3 NMR analysis 
, Two-dimensional (2D) nuclear Overhauser effect spectroscopy (NOESY), 
double-quantum-filtered correlation spectroscopy (DQF-COSY) and total 
correlation spectroscopy (TOCSY) were performed to assign the DNA 
resonances. 2D heteronuclear single quantum coherence spectroscopy (HSQC) and 
heteronuclear multiple bond correlation spectroscopy (HMBC) are applied to assign 
3ip and 13c，respectively. 2D ^H-^ ^P COSY is applied to measure V h s t constants. 
NOESY is used to identify spins undergoing cross-relaxation which are close to one 
another in space. Therefore, if the distance between two protons is around or less 
than 5 A, their cross peak can be observed in NOESY spectrum. COSY is used to 
correlate the chemical shifts of ^H nuclei which are J-coupled. For all members of 
10 
a coupled spin net work, their cross peaks are observed in TOCSY. ^H-^ ^P HSQC 
and 1H-13c HMBC are suitable for determining which of a molecule are bonded 
to which 3ip and '^C nuclei, respectively. 
All NMR experiments were performed on Bruker AV-500, ARX-500 and 
AV-700 spectrometers operating at 500.30，500.13 and 700.21 MHz, respectively. 
For assigning labile proton signals, the samples were prepared in 90% H20/10% 
D2O buffer solution. One-dimensional (ID) imino proton spectra were acquired 
using the water suppression by gradient-tailored excitation (WATERGATE) pulse 
sequence {47-48). 2D WATERGATE-NOESY experiments were performed at a 
mixing time of 300 ms. For studying nonlabile protons, the solvent was exchanged 
to 99.96% D2O buffer solution. 2D NOESY, TOCSY, DQF-COSY, HSQC and 
HMBC experiments were performed. 4k x 512 and 4k x 256 data sets were 
collected for the above homonuclear and heteronuclear experiments, respectively. 
A mixing time of 300 ms was used for NOESY and 75 ms for TOCSY. Generally, 
the acquired data were zero-filled to give 4k x 4k spectra with a cosine window 
function applied to both dimensions. For DQF-COSY, a sine window function was 
used for vicinal JHrm, and Jm,H2" measurements. Backbone ^'P signals were 
assigned using 2D TOCSY and ^H-^'P HSQC experiments. For HSQC, the and 
3ip spectral widths were set to 11 and 6 ppm，respectively. ^^P chemical shifts 
were indirectly referenced to DSS using the derived nucleus-specific ratio of 
0.404808636 (55). 2D COSY experiments with a Gaussian inversion pulse 
1 1 
centered at the H3' region were also performed and 4k x 200 data sets were collected. 
Sine window functions and zero-filling were applied to give 16k: data points for 
Vh3'p measurements. 
2.3.1 Resonance assignment 
In the H6/H8-Hr region of NOESY spectrum, aromatic base H6/H8 and 
sugar HI，protons were assigned by the sequential connectivity of intra- and 
inter-nucleotide nuclear Overhauser effects (NOEs) along a DNA strand (Figure 2.2). 
The inter-nucleotide H6/H8-H6/H8 NOEs between successive nucleotides suggest 
the according base is intrahelical (Figure 2.2). Based on the HI’ assignment, 
H2'/H2"/H3' protons could be assigned by through-bond correlations using 
PQF-COSY and/or TOCSY spectra. H2 chemicals shifts of adenine could be 
assigned by through-bond correlations of A H8-C5, H8-C4，H2-C4 and H2-C6 in 
HMBC spectrum (Figure 2.3) {49). 
(a) (b) 
^^ pi _ryj B州(丨例aj 、名 ® \ fel^A 
\ pQ ^ Bam 
£ ® \ 
\ !•( ‘——CH, B•叫 
e , \ 
I I I 2* I 
H6/H8 
• intra-nucleotide NOE 
i^v inter-nucleotide NOE 
base-base NOE 
Figure 2.2 Schematic diagrams showing (a) sequential assignment along intra- and inter-nucleotide 
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Figure 2.3 Schematic diagrams showing (a) assignment of A H2 in HMBC spectrum and (b) C5-H8, 
C4-H8, C4-H2 and C6-H2 correlations for adenine. 
In the WATERGATE-NOESY spectrum, thymine imino proton in A T 
Watson-Crick base pair was assigned by T imino-A H2 NOE; guanine imino and 
cytosine amino protons in G C Watson-Crick base pair were assigned by G imino-C 
amino and C amino-C H5 NOEs，respectively (Figure 2.4) (50). 
—K： " x v / " f Q 
, " K / H M / M 
H O r N—H O R 
H 
A T G C 
Figure 2.4 Labile protons assignment in Watson-Crick base pairs. 
2.3.2 Determination of sugar conformation 
The sugar conformation can be determined from through bond couplings of 
13 
sugar protons ^Juvm' and ^Jnvm"), which were extracted by measuring the antiphase 
splitting in the 2D DQF-COSY spectrum (Figure 2.5). The X-ray structure data 
indicate that, 21，(11' = ^Jnvm' + is 9.4 Hz for S-sate, and 15.7 Hz for 
N-state (42). Assuming the measured coupling constant is from the population 
average in the two states, the percentage of the S state (%S) could be estimated 
using the following equation: 
%S = 9.4) / (15.7-9.4) x 100% [Equation 2.1] 
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Figure 2.5 Partial Hr-H2'/H2" region in the DQF-COSY spectrum of RefAT at 25 °C. 
2.3.3 Determination of backbone conformation 
In iH-3ip HSQC spectrum, ^'P signals were assigned by their through-bond 
correlations with H3'. The backbone conformation can be determined from 
sugar-phosphate backbone coupling constants ( V h s t ) , which were extracted from 
the selective ^H-^^P COSY spectrum (Figure 2.6). 
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From crystal structure data, the average 8 torsion angle value for the Bi state 
is - 1 9 0 �（3 J h 3 . p = 1.3 Hz) and for the B„ is —105° ( V h 3 ' p = 10.0 Hz). Assuming the 
measured coupling constant represents the weighted average of the coupling 
constant in the two states, the percentage of the Bi-state (%Bi) {43) could be 
estimated using the following equation: 
% B I = ( V H 3 ' P - 1 0 . 0 ) / ( 1 . 3 - 1 0 . 0 ) X 1 0 0 % [ E q u a t i o n 2 . 2 ] 
ppm 
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Figure 2.6 Partial H3'-P region of COSY spectrum of RefAT at 25 °C. 
2.4 UV melting study 
DNA sample concentrations were kept at 3 ywM in 1 mL 10 mM sodium 
phosphate (pH 7.0) buffer solution. Prior to melting measurements, the sample 
was heated at 95 °C for at least two hours to remove dissolved gases. Degassed 
sample was gently put into a dry quartz cuvette (10 mm path length) with 200 mL 
paraffin oil on top and covered by a Teflon cap to minimize evaporation. UV 
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absorbance at 260 nm was measured versus temperatures from 25 to 95 °C at a 
heating rate of 0.8 °Cymin using a Hewlett-Packard 8453 Diode-Array 
ultraviolet-visible spectrometer. Data pointed was collected every 0.8 °C. For 
each sample, UV melting experiments were repeated at least three times. 
Thermodynamic parameters were extracted based on the two-state model 
from the fitted melting curves using the software MELTWIN version 3.5 
(http://meltwin3.com/download.htnil). When a raw data file was opened, the Fit 
Wizard was used to fit the cell. Sample concentration, cell pathlength and hairpin 
equilibrium type need to be entered. Once fitted, the fitted curve as well as the 
thermodynamic data could be displayed. 
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Chapter Three: Effect of mSTon 
Double-Helical Structures and Stabilities 
To study the effect of m3T on double-helical DNA structures, 
high-resolution NMR investigations and thermodynamics studies on AmT and 
RefAT were performed. 
3.1 Resonance assignments 
Sequential proton resonance assignments were made by studying the 
fingerprint regions in 2D NOESY and WATERGATE-NOESY spectra (Figure 
3.1-3.2). The proton chemical shifts of AmT and RefAT were tabulated in 
Appendix I and Appendix II，respectively. 
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Figure 3.1 NOE sequential assignment of AmT: (a) aromatic protons at 25 °C and (b) labile protons 
at 5 °C. (c) Assignment of A4 H2 in HMBC spectrum of AmT at 25 °C. 
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Figure 3.2 NOE sequential assignment of RefAT: (a) aromatic protons at 25 °C and (b) labile protons 
at 5 °C. 
3.2 Effect of m3T on double-helical DNA structures 
3.2.1 Base pairing mode 
Owing to the addition of a methyl group at the N3-site of thymine, the 
formation of two hydrogen bonds in A T Watson-Crick base pair was no longer 
feasible in AmT (Figure 3.3a). Yet A4 and m3T12 were found to remain stacked in 
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the double helix of AmT as evidenced by the presence of sequential base proton 
NOEs including C3 H6-A4 H8, A4 H8-G5 H8, Cl l H6-m3T12 H6 and m3T12 
H6-G13 H8 NOEs (Figure 3.3b). A4 and m3T12 were still close to each other as 
supported by the presence of A4 H2-m3T12 H8 NOE (Figure 3.3c), which was only 
slightly weaker than that of C14 H5-H6 ( � 2 . 5 A). The A4 H2 assignment was 
confirmed by the through-bond correlations between H8 and H2 of A4 as shown in 
the HMBC spectrum of AmT (Figure 3.1c). In addition, methylation at the 
N3-site of thymine did not change the anti base orientation as indicated by the much 
weaker NOE intensities of intranucleotide H6/H8-Hr cross peaks of A4 and m3T12 
when compared to those of C H5-H6 (Figure 3.1). 
(a) \ . 
1 2 3 4 5 6 7 " 丫 ? \ _ / _ “ 
5 ' -C G C A Vo X l i 8 T n i 
3 . -G C G m3T C C A 。/ " s C - N s s ^ ^ H 
� ： 15 14 13 12 11 10 A R ^ V 
1 • ' 1 丨丨 I•__•••"'I 
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C3H6 G5H8 A4H2 
to ppm II ppm 
囊 7 - 2 3 � _ % | ： ： © # 
E 7.27 ^ 
I ‘ 1 ‘ 1 I I 
7.58 7.57 ppm 8.03 8.02ppm 7.38 7.37 ppm 
C11H6 G13H8 C14H6 
Figure 3.3 (a) A.m3T mispair. (b) Base-base NOEs of A4 and m3T12 with respective flanking 
bases. These NOEs are plotted using the same baseline threshold, (c) NOEs of A4 H2-m3T12 H8 
and C14 H5-H6. The NOEs are also plotted using the same baseline threshold. , 
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The effect of m3T on the double-helical structure was quite local as its two 
flanking Watson-Crick base pairs G5 C11 and G13 C3 were still formed. These 
base pairings were supported by the appearance and the chemical shifts of the G5 
and G13 imino peaks (Appendix I), and the presence of G5 imino-Cll amino and 
G13 imino-C3 amino NOEs in the 2D WATERGATE-NOESY spectrum (Figure 
3.1b). 
3.2.2 Sugar conformation 
The effect of 3-methylation of thymine on sugar conformation was 
determined from %S，which was calculated from the sum of J h i ' H 2 ' and J h i ' H 2 " (42). 
The %S values for all nucleotides were found to be above 70%. Compared to 
RefAT, the changes in %S due to 3-methylation of T12 were all less than 8% (Table 
3.1). Because the S-N interconversion barrier is low (8-13 kJ/mol) {42), a few 
percent change in the %S was not uncommon due to the rapid conversion of various 
sugar conformations. Therefore the less than 8% change in %S reveals the effect 
of m3T on sugar conformation is negligibly small. 
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Table 3.1 21'and %S of AmT and RefAT. 
1 2 3 4 5 6 ^ 1 2 3 4 5 6 ; 
5' - C G C A G G ^ 5 ' - C G C A G G ^ 
3' - G C G m3T C C . 3 ' - G C G T C C . 
1 5 1 4 1 3 1 2 1 1 1 0 ^ 1 5 1 4 1 3 1 2 1 1 1 0 ^ 
AmT Ref/Vr 
AmT RefAT 
Nucleotide SI ' 11' A%S' 
1 14.4 79 14.3 n i 
2 15.2 92 15.4 95 -3 
3 15.1 90 15.0 89 1 
4 15.5 97 15.6 98 -1 
5 15.2 92 15.5 97 -5 
6 15.5 97 15.4 95 2 
7 15.4 95 15.0 89 -6 
8 15.3 94 15.6 98 -4 
9 15.1 90 15.5 97 -7 
10 15.0 89 15.4 95 -6 
11 14.1 75 14.3 78 -3 
12 15.2 92 15.6 98 -6 
13 15.3 94 15.1 90 4 
14 15.0 89 14.7 84 5 
. , 1 5 14.8 86 14.7 84 2 
a The coupling constants (in Hz) were measured at 2 5 � C with a measurement uncertainty of 士0.2 
Hz. 
b %S = (El, - 9.4) / (15.7 - 9.4) x 100%. 
e A%S = %S(AmT) - %S(RefAT). 
3.2.3 Backbone conformation 
The effect of m3T on double-helical backbone conformation was examined 
first by ^'P chemical shifts. Except the ^^P signals near the loop region (G6p, A9p 
and CI Op), the ^'P chemical shifts of AmT and RefAT showed a narrow dispersion 
of � 0 . 7 ppm (Figure 3.4-3.5), suggesting 3-methylation of thymine did not cause 
significant change in the double-helical backbone conformation. 
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Figure 3.4 HSQC spectra of (a) AmT and (b) RefAT. 
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Figure 3.5 'H-^'PC0SY spectra of (a) AmT and (b) RefAT. 
%Bi for each nucleotide of AmT and RefAT was also determined from the 
heteronuclear Vh3'p couplings in ^H-^'P COSY spectra (Figure 3.5). Except G6p, 
A9p and CI Op, the %Bi values were found to vary within a narrow range of 
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-36-45% (Table 3.2)，which was in agreement with the narrow dispersion of the 
observed ^'P chemical shifts. The difference in the %Bi values for each nucleotide 
between AmT and RefAT was less than 7% (Table 3.2)，indicating the effect of m3T 
on backbone conformation was also negligible. 
Table 3.2 ^'P chemical shifts, V h s t and %Bi of AmT and RefAT. 
1 2 3 4 5 6 ^ 1 2 3 4 5 6 ^ 
5' - C G C A G G ^ 5 ' - C G C A G G ^ 
3. - G C G m3T C C . 3 ' - G C G T C C . ^ 
1 5 1 4 1 3 1 2 1 1 1 0 ^ 1 5 1 4 1 3 1 2 1 1 1 0 ^ 
AmT RefAT 
AmT RefAT 
Nucleotide \ y p 5^'P \ y p A%Bi^ 
Ip ^ ^ 40 ^ 39 ^ i " " “ 
2p -3.87 6.6 39 -3.95 6.3 43 0.08 -4 
3p -3.88 6.9 36 -3.86 6.6 39 -0.02 -3 
4p -3.89 6.5 40 -4.17 6.2 44 0.28 -4 
> ， 5 p -4.02 6.4 41 -4.05 6.1 45 0.03 -4 
6p -4.93 7.2 32 -4.97 6.8 37 0.04 -5 
7p -4.27 6.6 39 -4.30 6.9 36 0.03 3 
8p -4.43 6.9 36 -4.44 6.9 36 0.01 0 
9p -4.76 6.8 37 -4.85 6.5 40 0.09 -3 
lOp -3.51 6.8 37 -3.11 7.0 34 -0.40 3 
l i p -3.77 6.4 41 -4.29 6.2 44 0.52 -3 
12p -4.10 6.7 38 -4.05 6.2 44 -0.05 -6 
13p -4.28 6.4 41 -4.17 6.4 41 -0.11 0 
14p -3.80 6.5 40 -3.90 6.3 43 0.10 -3 
a The chemical shifts (in ppm) and coupling constants (in Hz) were measured at 2 5 � C with a 
measurement uncertainty of ±0.01 ppm and 士0.2 Hz, respectively, 
b %Bi = (VH3.P - 10.0) / (1.3 - 10.0) X 100%. 
e = 5^'P(AmT) - 5^^P(RefAT). 
d A%Bi 二 %Bi(AmT) - %B,(RefAT). 
3.3 Effect of m3T on double-helical DNA stabilities 
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The raw data of AmT and RefAT UV melting studies were summarized in 
Appendix VIII. The melting temperature (Tm) values and thermodynamic 
parameters were shown in Table 3.3. Compared to RefAT, the Tm of AmT was 
found to be � 1 7 °C lower. In addition, the enthalpic change of AmT was -33.8 
kcal.mori, 17.3 kcal-mol"' higher than that of RefAT (-51.1 kcal-mol"'). The 
entropic change of AmT and RefAT were also different (-101.8 vs. -146.3 
cal.K-i.mol-i). Generally, the destabilizing effect of m3T was 3.5 kcal mol'^ 
Table 3.3 Effect o fmST on thermodynamic stability of dsDNA°. 
Oligomer Tm，�C AH。，kcal-mol] AS°, cal-K-^-mol'' AG°37, kcal-mol'^ 
AmT 58.9 (0.3) -33.8 (1.1) -101.8 (3.3) -2.2 (<0.1) 
RefAT 76.2 (0.4) -51.1 (1.8) -146.3 (5.3) -5.7 (0.2) 
a UV melting experiments were repeated at least three times for each sample. The average values 
are shown with the standard deviations in parentheses. 
3.4 Discussion 
3.4.1 Single-strand requirement in FTO repair 
By comparing the solution structures of AmT and RefAT, A.m3T was found 
to remain stacked intrahelically although the hydrogen bonds between adenine and 
thymine were probably disrupted by the methyl group at the N3-site of thymine. 
Besides, the effect of m3T on the sugar conformation and backbone conformation of 
double-helical DNA was negligible. As crystallographic studies have shown that 
FTO demethylase activity relates to the hydrogen-bonding interactions with two 
carbonyl oxygen atoms (02 and 04) of m3T (52), thus the intrahelical nature of 
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m3T possibly makes itself less accessible by FTO, resulting in the inefficient repair 
ofm3T in dsDNA (25-2^). 
3.4.2 Relationship between m3T pairing structure and stability 
From the thermodynamic results in Table 3.3, the folded conformation of 
RefAT was stabilized by hydrogen bonds and stacking interactions between base 
pairs with an enthalpic change of -51.1 k c a l - m o r � T h i s value was � 1 7 kcal mol'^ 
more negative than that of AmT (-33.8 kcal-mol"^). Although A-m3T remains 
stacked intrahelically, there was no hydrogen bond between A and m3T, making the 
folded state of AmT less stable. In addition, due to the lack of hydrogen bond, 
A-m3T was less constrained, thus reducing the base pairing stacking interactions 
between A.m3T and its flanking base pairs. This was evidenced by an increase of » ， 
~45 cal.K-i.mol-i in the entropic change of AmT when compared to that of RefAT. 
Overall, 3-methylation of thymine causes a lowering of 3.5 kcal-mol'^ in the stability 
of RefAT. 
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Chapter Four: Effect of m3TMispair on 
Double-Helical DNA Structures and Stabilities 
In order to investigate if the structures and stabilities of m3T mispair relate 
to the mutagenicity results, the structural features and stabilities of mispairs 
containing m3T were also determined. 
4.1 Resonance assignments 
The sequential NOE and imino assignment results of NmT (N = T, G and C) 
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Figure 4.1 NOE sequential assignment of TmT: (a) aromatic protons at 25 °C and (b) labile protons 
at 5 °C. 
29 
( a ) A9H2 G2 
Afl G l ^ i z G ? C14 m3T12 
A冗 A8.H到|G15 G4 p . G5 C 3 � / G6 / 
ppm l k 1 1 i 
XI 1 2 3 4 5 6 ^ 
5.2- 0G7 5 - - C G C G G G ® 
. 3.-G C G m3T C C -
15 14 13 12 11 10 。 
5.4- G4 
� " " “ ” c T ^ 等 
C f i 00 0,0 . 
I - ^ ‘ ri y G� 
6.0- A«8» ‘ t _ _ r — — J 
00 ^ — — 
6.2- 0615 C11 
• ^ ^ 
6.4 '••••I I"' I I".""..I I I " " " , " 
8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 ppm 
H2/H6/H8 
( b ) G2 g i3 
ppm JIT 
J-^ 'vAAa.j ' lL'A 
||C14 C3 
¥ 5 . 5 - ‘ ‘ ?C11" ‘ ‘ 取 ° 。 
6.5-
CM ^ 0 < <丨 
Z 7.0- 0 o > < 
6 ； , 一 ， 
7.5-
8.0- G13 丨 C3 • p 
i 3 5 : G 5 � L PT 
Z 8.5- (p ^ ‘ ^ 0 
O G2C14 
~ ‘ ~~• ~ I ~ ~ • ~ � • I • • • • I • - • • I • ' • _ I • • ‘ 
13.3 13.0 12.5 8.5 8.0 7.5 7.0 ppm 
NH C-NH2 C-NH2 
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4.2 Effect of m3T mispair on double-helical DNA structures 
Similar to AmT, all m3T mispairs were found to remain stacked in the 
double helices of NmT (N = T, G and C) as supported by the presence of C3 H6-N4 
H6/H8，N4 H6/H8-G5 H8，Cll H6-m3T12 H6 and m3T12 H6-G13 H8 NOEs 
(Figure 4.4). The glycosidic orientation of N4-m3T12 were also found to remain 
anti as evidenced by the relatively weaker intensities of N4 and m3T12 H6/H8-Hr 
NOEs when compared to those of C H5-H6 NOE (Figure 4.1-4.3). The sugar 
conformation of all nucleotides of NmT adopted predominantly the S-state with a 
o/oS of >70% (Appendix IV). Except the phosphates near the loop region (G6p, 
A9p and CI Op), the range of backbone ^^P chemical shifts of NmT was as narrow as 
-0.9 ppm (Appendix V-VI) and the %Bi was found to fall within 34-45% (Appendix 
VII). No significant difference was observed in the sugar conformation and 
backbone conformation due to these mispairs, 
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Figure 4.4 Base-base NOEs of N4 (N = T，G and C) and m3T12 with respective flanking bases. For 
each sequence, the NOEs are plotted using the same baseline threshold, (a) TmT. (b) GmT. (c) 
CmT. , 
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4.2.1 Pairing mode of T m3T 
For T m3T mispair, a single hydrogen bond was found to be present as 
evidenced by the sharp T4 H3 imino signal (Figure 4.5a). In this mispair, T4 H3 
can form one hydrogen bond with m3T12 0 2 or m3T12 0 4 (Figure 4.5b). If the 
hydrogen bond was present only between T4 H3-m3T12 02 , there would be no T4 
H3-m3T12 H7 NOE. If the hydrogen bond was present only between T4 
H3-m3T12 04 , the NOE intensities of T4 H3-m3T12 H7 and T4 H3-m3T12 H8 
would be similar. Our present results show both T4 H3-m3T12 H7 and T4 
H3-m3T12 H8 NOEs (Figure 4.5c)，in which the former was much weaker than the 
latter, suggesting the co-existence of both single-hydrogen pairing modes. 
Moreover, the sharp T4 imino signal (Figure 4.5a) suggests fast exchange between 
these two pairing modes. 
(a) G2 
G5 G13 
1 2 3 4 5 6 ^ G6 Tvi 
5 ' .C G C T G G ^ 丁4 
3.-G C G m3T C C Z 
15 14 13 12 11 10 Q G7 
A A . -
I I I I " " " " 
13 12 11 10 ppm 
( b ) o H38 o ( c ) 
. . . . . m 3 T 1 2 H 8 T4H7 m3T12H7 
K K 啊 L J U 
M ;:：] f II N 卜 
H f e 3N—H…”0=<4 IN—R 
v - Y > m { 丨 I 丨丨丨 丨,.•丨 
t / \ HjS' \ 2.85 2.80 ppm 1.60 1.50 ppm 
Figure 4.5 (a) T m3T mispair. \ h ) Imino proton spectrum of TmT at 5 � C . (c) Imino-methyl 
NOEs of T4 and m3T12 at 5 °C. These NOEs are plotted using the same baseline threshold. 
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4.2.2 Pairing mode o fGni3T 
For G.m3T mispair, even though the G4 HI imino signal was observed 
(Figure 4.6a), the intensity was weaker than that of the characteristic upfield-shifted 
G7 HI, which is not involved in forming hydrogen bond in G7 A9 sheared base pair 
{46). This suggests G4 HI was not involved in forming hydrogen bond with 
m3T12 (Figure 4.6b), but G m3T was well stacked in the double helix. Moreover, 
G4 and m3T12 were close as shown by the G4 Hl-m3T12 H8 NOE (Figure 4.6c). 
(a) G2 
7 G5 
1 2 3 4 5 6 ^ 
5 . - C G C G G G ^ 
3- - G C G m3T C C - / G6 p , 
15 14 13 12 11 10 ^ J ^ ^ 
I I 丨 丨 
13 12 11 10 ppm 
( b ) ( C ) m3T12 H8 
ppm 
H 丫 V ~ / " A _ / 
. , ； • 资 H 。 命 ， . I 
NHj R^  H ^ f 
10.2- 書 
I • • I …• I …’I • I走 
3.00 2.95 ppm 
Figure 4.6 (a) Imino proton spectrum of GmT at 5 °C. (b) G m3T mispair. (c) Imino-methyl 
NOE of G4 HI and m3T12 H8 at 5 °C. 
4.2.3 Pairing mode of C.m3T 
For C.m3T mispair, C4 amino protons in this mispair were not observed 
even at lower temperatures, suggesting no favorable hydrogen-bonded interaction 
existed in this C4 m3T12 mispair (Figure 4.7). Even if the amino protons were 
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involved in a single hydrogen bond with m3T12 0 2 or m3T12 04, they would 
facilitate the exchange with water and destabilize it. 
H 
\ 7 7 H N—H q CHj 
1 2 3 4 5 \ / \ / 
5 . - C G C C G g G 片 3 
3 ' - G C G m3T C C 广 H — 3 N HjC—ns e)—H 
15 14 13 12 11 10 公 
R O O \R 
Figure 4.7 C m3T mispair. 
4.3 Effect of m3T mispair on double-helical DNA stabilities 
The raw data of NmT (N = T, G and C) UV melting studies were also 
summarized in Appendix VIII. The Tm values and thermodynamic parameters of 
NmT and RefAT were shown in Table 4.1. Their Tm values were all found to be 
10-22 °C lower than RefAT. The enthalpic changes of NmT were 17.7�25.1 
kcal.mori higher, while their entropic changes were 47.6-67.2 cal-K'^-mol"' less 
negative. Their total destabilizing effect was 3.0-4.2 kcal mol'^ which follows the 
order: GmT < TmT < CmT. 
Table 4.1 Thermodynamic stability of RefAT, AmT, TmT, GmT and CmT a. 
"oligomer Tm, °C AH°, kcal-mol'^ AS°, cal-K'^-mol'^ AG°37, kcal-mol"^ 
RefAT 76.2 (0.4) -51.1 (1.8) -146.3 (5.3) -5.7 (0.2) 
AmT 58.9 (0.3) -33.8(1.1) -101.8 (3.3) -2.2 (<0.1) 
TmT 57.2 (0.5) -32.3 (2.0) -97.8 (5.9) -2.0(0.1) 
GmT 64.7(0.3) -33.4 (0.1) -98.7 (0.2) -2.7 (<0.1) 
CmT 55.3 (0.4) -26.0(1.2) -79.1 (3.7) -1.5 (<0.1) 
a UV melting experiments were repeated at least three times for each sample. The average values 
are shown with the standard deviations in parentheses. 
4.4 Discussion � 
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4.4.1 Predominant mutation 
The solution structural features of T.m3T, G.m3T and C-m3T mispairs in 
dsDNA were determined in this work in order to better understand why predominant 
m3T—A mutation was observed in the mutagenicity studies of m3T {29). Among 
these mispairs, hydrogen bonding interactions were only found in T m3T mispair. 
Such interactions provide specific favorable interactions between m3T and the 
incorporating nucleotide during DNA replication, making T becomes a more 
preferred substrate paired with m3T and thus more frequent m3T—A mutation. 
4.4.2 Relationship between m3T pairing structure and stabilities 
For dsDNA containing a m3T base pair or mispair, the relative destabilizing 
* effect was determined to follow the following order: GmT < AmT < TmT < CmT. 
This trend can be rationalized in terms of the m3T mispair structure sandwiched by 
complementary Watson-Crick base pairs. For purine (G and A), the nucleobase is a 
bicyclic ring and the base size is substantially larger than that of a pyrimidine (T and 
C)，which is monocyclic ring. As a consequence, purine can usually provide better 
stacking inerations between base pairs than pyrimidine {38, 51), thus leading to a 
smaller stabilizing effect in GmT and AmT than TmT and CmT. Compared to A, G 
has an additional 0 6 atom. It has been found that this atom on the inner side of 
dsDNA contributes to an additional inter-strand base stacking force and thus an 
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additional stabilizing interaction (51). This interaction may also be present in GmT 
and makes GmT more stable than AmT. Although a hydrogen bond was found to 
be present in T.m3T，the stacking interactions with its flanking base pairs were less 
favorable than those of A.m3T，making TmT more destabilizing than AmT. CmT 
was found to be the most destabilizing one due to the absence of hydrogen bonds 
and the poor stacking interactions with its flanking base pairs. 
% 
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Chapter Five: Conclusion and Future Work 
In this study, high-resolution NMR and UV melting studies were performed 
to determine the effect of m3T on double-helical DNA structures and 
thermodynamic stabilities. The intrahelical nature of m3T possibly makes itself 
less accessible by FTO, resulting in the inefficient repair of m3T in dsDNA. The 
hydrogen bonding interactions were only found in T.m3T mispair. Such 
interactions provide specific favorable interactions between m3T and the 
incorporating nucleotide during DNA replication, making T becomes a more 
preferred substrate paired with m3T and thus more frequent m3T->A mutation. 
During replication of DNA containing m3T lesion site, the incorporating 
nucleotide opposite to m3T only stacked by the flanking base from the 5’ side in the 
*• primer, but not 3' side. But the sequences we used are mimicked B-DNA duplex, 
in which the m3T stacked by the flanking bases from two sides (5，and 3，side). 
Thus to better understand the mutagenicity of m3T, a primer-template model is 
necessary to mimic the realistic process of DNA replication. 
Our group has performed NMR structural investigations on primer-template 
oligonucleotide models which mimic the situation in which a deoxyribonucleotide 
triphosphate has just been incorporated opposite to a thymine template (52-55). 
We are in the progress of investigating the structural features of m3T templates. 
Further studies will extend our understanding of the m3T mutagenicity. 
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Appendix I: Proton chemical shift values (ppm) ofAmP 
Nucleotide 3-methyl H2/H5/H7 H6/H8 HI' H2' H2" H3' NH/NH2 
CI - 5.930 7.625 5.791 1.920 2.385 4.706 8.226/7.19 
G2 - - 7.978 5.864 2.687 2.716 4.988 13.148 
C3 - 5.516 7.404 5.965 1.907 2.167 4.727 8.385/6.814 
A4 - 7.620 8.010 5.754 2.339 2.385 4.858 -
G5 - - 7.679 5.394 2.427 2.514 4.881 13.008 
G6 - 7.083 5.754 1.755 2.157 4.777 12.610 
G7 - - 8.004 5.078 2.692 2.492 4.879 -
A8 - 8.047 8.082 5.889 2.155 2.274 4.581 -
A9 - 8.092 8.094 6.320 3.134 2.974 4.836 -
CIO - 5.862 7.618 5.619 2.362 2.194 4.782 8.286/7.05 
• C l l - 5.706 7.568 6.146 2.228 2.430 4.809 8.306/7.05 
m3T12 2.459 1.526 7.191 5.824 1.584 1.965 4.662 -
G13 - - 8.014 5.898 2.778 2.778 4.966 12.968 
C14 - 5.443 7.346 5.755 1.876 2.318 4.777 8.585/6.811 
G15 - - 7.959 6.187 2.639 2.391 4.684 -
a Labile (NH, NH2) and nonlabile proton chemical shifts were measured at 5 and 25 °C, respectively. 
The measurement uncertainty was up to ±0.002 ppm. 
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Appendix II: Proton chemical shift values (ppm) of RefAT^ 
Nucleotide H2/H5/H7 H6/H8 HI' H2' H2" H3' NH/NH2 
CI 5.933 7.651 5.769 1.995 2.424 4.718 8.176/7.158 
G2 - 7.974 5.900 2.681 2.734 4.980 13.098 
C3 5.467 7.406 5.492 2.033 2.338 4.848 8.456/6.564 
A4 7.658 8.191 5.956 2.725 2.863 5.033 -
G5 - 7.393 5.533 2.138 2.409 4.902 13.088 
G6 - 7.008 5.665 1.736 2.073 4.794 12.480 
G7 - 7.997 4.999 2.668 2.462 4.848 -
A8 8.044 8.071 5.885 2.290 2.231 4.566 -
A9 8.088 8.023 6.280 3.163 2.948 4.816 -
CIO 5.857 7.704 5.601 2.323 2.253 4.827 8.296/6.992 
' C l l 5.691 7.603 6.100 2.165 2.522 4.870 8.605/6.960 
T12 1.701 7.360 5.734 2.145 2.446 4.892 14.154 
G13 - 7.934 5.860 2.690 2.690 4.989 12.879 
C14 5.460 7.350 5.768 1.895 2.335 4.805 8.496/6.732 
G15 - 7.941 6.153 2.600 2.363 4.675 13.180 
a Labile (NH, NH2) and nonlabile proton chemical shifts were measured at 5 and 25。C, respectively. 
The measurement uncertainty was up to 士0.002 ppm. 
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Appendix III: Proton chemical shift values of NmT samples 
III.l Proton chemical shift values (ppm) of TmT" 
Nucleotide 3-methyl H2/H5/H7 H6/H8 HI’ H2' H2" H3' NH/NH2 
CI - 5.952 7.655 5.811 1.961 2.421 4.718 8.226/7.193 
G2 - - 7.999 5.938 2.747 2.747 5.008 13.194 
C3 - 5.508 7.480 6.144 2.131 2.393 ^ 8.409/6.789 
T4 - 1.524 7.136 5.615 1.601 1.909 4.686 -
G5 - - 7.762 5.483 2.520 2.568 4.890 13.302 
G6 - - 7.128 5.783 1.810 2.173 4.806 12.677 
G7 - - 8.016 5.110 2.706 2.504 4.890 -
A8 - 8.061 8.092 5.903 2.828 2.282 4.589 -
A9 - 8.106 8.108 6.333 3.140 2.984 4.847 -
CIO - 5.890 7.620 5.668 2.171 2.367 4.804 8.346/7.085 
Cl l - 5.714 7.554 6.115 2.213 2.403 4.826 8.51/7.069 
m3T12 2.789 1.519 7.139 5.878 1.658 2.112 4.708 -
G13 - - 7.984 5.820 2.717 2.717 4.944 13.092 
C14 - 5.476 7.368 5.810 1.901 2.344 4.793 8.584/6.816 
G15 - - 7.969 6.200 2.643 2.399 4.686 -
a Labile (NH, NH2) and nonlabile proton chemical shifts were measured at 5 and 25 °C, respectively. 
The measurement uncertainty was up to 士0.002 ppm. 
b The chemical shift was not measured due to overlap. 
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III.2 Proton chemical shift values (ppm) of GmT* 
Nucleotide 3-methyl H2/H5/H7 H6/H8 HI' H2' H2" H3' NH/NH2 
CI - 5.934 7.626 5.800 1.931 2.397 4.705 8.206/7.173 
G2 - - 7.977 5.892 2.755 2.755 4.952 13.137 
C3 - 5.458 7.350 5.978 1.859 2.234 4.726 8.358/6.656 
G4 - - 7.789 5.458 1.857 2.411 4.876 10.088 
G5 - - 7.556 5.633 2.287 2.445 4.887 13.224 
G6 - - 7.236 5.695 1.964 2.224 "4.833 12.427 
G7 - - 7.980 5.196 2.623 2.445 4.823 -
A8 - 8.029 8.087 5.943 2.322 2.322 4.619 -
A9 - 8.074 8.107 6.312 3.072 2.933 4.838 -
CIO - 5.874 7.634 5.557 2.205 2.317 4.786 8.336/7.024 
Cl l - 5.685 7.520 6.120 2.168 2.402 4.808 8.423/7.066 
m3T12 2.874 1.646 7.239 5.876 1.769 2.034 4.780 -
G13 - - 7.974 5.870 2.728 2.728 4.995 13.029 
C14 - 5.458 7.350 5.785 1.894 2.325 4.791 8.552/6.796 
G15 - - 7.964 6.193 2.644 2.395 4.694 13.137 
a Labile (NH, NH2) and nonlabile proton chemical shifts were measured at 5 and 25 °C, respectively. 
The measurement uncertainty was up to 士0.002 ppm. 
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III.3 Proton chemical shift values (ppm) of CmT" 
Nucleotide 3-methyl H2/H5/H7 H6/H8 HI’ H2' H2" H3' NH/NH2 
CI - 5.951 7.640 5.813 1.925 2.395 4.700 8.211/7.178 
G2 - - 7.992 5.943 2.736 2.736 5.010 13.184 
C3 - 5.597 7.540 6.152 2.182 2.354 4.833 8.296/6.855 
C4 - 5.555 7.227 5.810 1.474 2.004 4.651 -
G5 - - 7.817 5.513 2.505 2.567 4.887 13.271 
G6 - - 7.125 5.786 1.806 2.189 '4.780 12.710 
G7 - - 8.019 5.108 2.698 2.500 4.887 -
A8 - 8.064 8.091 5.909 2.286 2.286 4.586 -
A9 - 8.112 8.118 6.340 3.141 2.997 4.849 -
CIO - 5.876 7.641 5.663 2.193 2.371 4.801 8.34/7.114 
Cl l - 5.720 7.581 6.098 2.128 2.384 4.812 8.534/7.145 
m3T12 2.688 1.496 7.163 5.814 1.509 2.004 4.640 -
G13 - - 7.994 5.857 2.748 2.748 4.945 13.163 
C14 - 5.471 7.369 5.806 1.897 2.333 4.769 8.577/6.811 
G15 - - 7.968 6.203 2.648 2.407 4.689 -
a Labile (NH, NH2) and nonlabile proton chemical shifts were measured at 5 and 25 respectively. 
The measurement uncertainty was up to ±0.002 ppm. 
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Appendix IV: El, and %S of TmT, GmT and CmT' 
1 2 3 4 5 6 ^ 
5' - C G C N G G ^ 
3 ' - G C G m3T C C . ^ 
1 5 1 4 1 3 1 2 1 1 1 0 ^ 
NmT (N= T, G and C) 
TmT GmT CmT 
Nucleotide I I ' "/oS'^  SI' SI ' 
1 1 4 ^ T S I T S ^ H H 7 5 
2 15.5 9 6 15.5 9 7 15.0 8 9 
3 14.6 82 14.5 81 14.5 81 
4 14.9 87 14.3 7 8 14.7 8 4 
5 15.4 9 6 15.2 9 2 . 15.3 9 4 
6 15.4 9 5 15.3 9 4 15.6 9 8 
7 15.3 9 3 15.1 9 0 15.3 9 4 
8 15.2 9 2 15.2 9 2 15.3 9 4 
9 15.2 9 2 15.3 9 4 15.5 9 7 
10 14.8 86 14.5 81 14.7 84 
11 14.0 7 3 14.3 7 8 13.9 71 
12 15.1 9 0 13.8 7 0 14.9 87 
13 15.1 91 15 .4 9 5 15.3 9 4 
14 14.7 85 14.6 83 14.4 7 9 
1 5 14.6 82 14.6 8 3 14.5 81 
a The coupling constants (in Hz) were measured at 25 °C with a measurement uncertainty of 士0.2 
Hz. 
b %S = ( s r - 9.4) / (15.7 - 9.4) x 100%. 
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Appendix V: ^H-^P HSQC spectra of (a) TmT, (b) GmT and 
(c) CmT 
(a) ^ 
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Appendix VI: ^H-^P COSY spectra of (a) TmT, (b) GmT and 
(c) CmT 
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Appendix VII: ^^P chemical shifts, ^Jhst and %Bi of TmT, 
GmTandCmP 
1 2 3 4 5 6 ^ 
6' - C G C N G G ^ 
3' - G C G m3T C C . ^ 
1 5 1 4 1 3 1 2 1 1 1 0 ^ 
NmT (N二 T, G and C) 
TmT GmT CmT 
Nucleotide 5^'P ^ Jh3 t ^ J h j p ^ J h j p 
Ip -4.00 6.3 43 -4.00 7.1 33 -4.00 6.3 43 
2p -3.90 6.4 41 -4.24 6.2 44 -3.87 6.5 40 
3p e c - 405 6.6 39 -3,59 6.8 37 
4p -4.06 6.4 41 -3.70 6.4 41 -4.13 6.5 40 
5p -4.00 6.2 44 -4.20 6.5 40 -4.03 6.3 43 
6p -4.94 6.6 39 -4.70 6.3 43 -4.93 6.3 43 
7p -4.27 6.3 43 -4.28 6.4 41 -4.27 6.8 37 
8p -4.43 6.7 38 -4.37 7.0 34 -4.44 6.6 39 
9p -4.76 6.4 41 -4.74 6.3 43 -4.76 6.5 40 
lOp -3.83 6.3 43 -4.20 6.3 43 -3.58 6.9 36 
Up -3.92 6.6 39 -4.04 6.4 41 4.00 6.6 39 
12p -4.27 6.7 38 -3.46 6.3 43 -4.35 6.5 40 
13p -4.15 6.2 44 -3.95 7.0 34 -4.18 6.1 45 
14p -3.55 7.0 34 -3.80 6.7 38 -3.80 6.3 43 
a The chemical shifts (in ppm) and coupling constants (in Hz) were measured at 25 °C with a 
measurement uncertainty of 士0.01 ppm and ±0.2 Hz, respectively, 
b %Bi 二（Vh3,P - 10.0) / (1.3 - 10.0) X 100%. 
e The chemical shift and coupling constant were not measured due to overlap. 
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Appendix VIII: UV melting curves of RefAT, AmT, TmT, 
GmT and CmT" 
0.43 - 1 0.43 0.44 
RefAT . RefAT ⑷ RefAT 
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0.52 0.435 0.51 ~ ~ 
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0.360 1 1 0.380 ^ -] 0.360 ^ 
TmT ^ ^ 0.仍 TmT TmT y v H ^ 
g 0.350 广 ^ 严 。 广 『 H 0.350 f f 
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I：：： / t y / 
0.330 0.350 ^ ^ ^ 
0.325 0.345 0.330 — 
20 40 60 80 100 20 40 60 80 10C 20 40 60 80 100 
Temporatur* fC) Tcmpcroturc (°C) Tomperalurc (°C) 
0.49 0.510 0.47 _• 
0 卯 GmT 0.S05 GmT ^^ ^ GmT 
I 0.47 广 I 二 / |。_« / 
/ 肩二 / I�-似 y 
0.« 乂 0.43 〜 
0.475 
0.44 1— 0.470 0.42 J- • 
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Temperature CC) Temperature (°C) Temperature CC) 
U.4SS - 1 0.395 0.405 
0.450 CmT 0-390 CmT omo CmT 
严 . . 0.385 o 0.39S ^ 
i y E X i s ^ 
0.420 ^ 0.365 0.375 t ^ ^ ^ 
0.415 1 1 0.300 1 0.370 ^  丨 
20 30 40 60 60 70 80 00 100 20 40 60 80 20 40 60 80 
Temperaluro (*(：) TemporaUiro (*<：丨 Temperature (*C) 
a Three trials for each sample, heat up and cool down regions show the same absorbance，indicating 
no evaporation in the corresponding process. 
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